A method based on an image analysis procedure was developed to calculate the shape and surface tension of pendant droplets hanging down in air from the tip of a syringe. In contrast to most existing methods, a numerical solution of the YoungLaplace equation of capillarity for the calculation of the drop contour is not required. Apart from local gravity and densities of liquid and fluid phases, the only input information needed to determine the surface tension is given by the maximum equatorial radius of the drop and its degree of deformation defined by a shape factor. Specifically it is not necessary to determine the radius of curvature at the apex of the experimental drop profile, the drop height, or the contact angles. When the drops are formed from the tip of a capillary tube, the software obtains direct digitization of the drop image, performs edge detection, and reconstructs the three-dimensional drop from its digitized profile to accurately determine its volume. Surface tension measurements have been performed for distilled water drops suspended in air to test the reliability and accuracy of the method. The results show that reliable values of the surface tension can be obtained for drops larger than about 2-3 µl, with relative errors less than 0.08-0.29 mN m −1 , depending on the size of the holder.
Introduction
A pendant, or hanging, drop can be defined as a small column of liquid suspended from the end of a vertical tube of small diameter. The two forces acting on the drop are gravitation and surface tension [1] , with the latter force causing the liquid to hang from the tube. In general, the shape of the drop will depend on the precise balance between these two forces. For small drops, with volumes in the microliter range, surface tension tends to minimize their interfaces making them close to spherical, while larger drops take a vertically elongated shape because of the effects of gravity. In this case, the minimum free energy involves a trade-off between a reduction of the surface energy and a reduction of the gravitational potential and so the drop elongates to reduce its gravitational potential energy. In quantitative terms, the shape of a pendant drop is a function of the Bond number -the dimensionless ratio of the gravitational and surface tension forces -defined by the relation
where ∆ρ is the density difference between the liquid and the surrounding fluid, g is the Earth's gravitational constant, σ is the surface tension, and R is a typical dimension of the drop, which we choose to be its maximum horizontal radius. Therefore, as the volume of the drop increases, its Bond number also increases, up to the point where the drop necks and detaches from the solid support. The determination of the surface properties of a pendant drop involves the use of appropriate hardware and software components for image analysis and integration. In general, the drop shape analysis is performed by photographing a drop in an optical bench arrangement and the characteristic sizes of the drop are measured on the photographic prints. This is accomplished by a three-step procedure involving: a) image acquisition, b) image processing (or digitization of the drop profile), and c) the numerical computation of the theoretical drop shape. From the photographic prints, the volume -and consequently the weight -of the drop as well as its projected edge (or profile) can be determined; the latter being a function of the drop surface tension and weight. Numerous methods have been developed for the measurement of contact angles and surface tensions of pendant and sessile liquid drops [2] . Among these techniques the most reliable and widely used is the Pendant Drop Technique (PDT) [3, 11] . In particular, PDT has been improved significantly since its inception. It is based on the numerical fit between the shape of experimental drops and their theoretical contours obtained by solving the classical Laplace equation of capillarity [2, 3] .
With the advent of fast digital computers and the use of automated software, PDT has evolved into drop shape methods of much higher precision, which take advantage of the axial symmetry of pendant drops. Of these, the Axisymmetric Drop Shape Analysis (ADSA) techniques are considered to be the most powerful because of their accuracy, simplicity, and versatility. In ADSA, the objective function, which is used to evaluate the discrepancy between the Laplacian curve and the experimentally measured profile, is the sum of the squares of the normal distances between the measured points and the calculated curve [12] . The first generation of ADSA was found to give correct values of the surface tension for large and well-deformed drops, while it failed for small drops close to spherical and well-deformed drops with inflection points in the neck area at low cut-off levels where the drop shape near the apex becomes indistinguishable from spherical [13, 14, 16] . A second generation of ADSA was rewrote by del Río and Neumann [15] using more efficient algorithms. It has been shown that even after the improvement of the image quality and the use of more sophisticated edge detection techniques, the second generation of ADSA was also found to fail for small drops of nearly spherical shape [16] . The problem arose because the truncation and accumulation of round-off errors in the numerical scheme caused dramatic output changes due to slight variations in the input. In this way, for nearly spherical drops, ADSA yielded values of the surface tension that were significantly different for slightly different drop shapes. In view of this limitation, a shape factor, which measures the difference in shape between an experimental drop and a perfect sphere, was introduced in the latest generations of ADSA to evaluate the quality of surface tension measurements [16, 17] .
In view of these difficulties, we have developed a novel methodology based on an image processing software to accurately determine the volume and the surface tension of pendant drops of micrometric size. After image acquisition, the software performs an adaptive local (pixelwise) binarization of the source image for the elimination of noisy areas and the contrast enhancement between the foreground and the background. A digitized drop profile is obtained from the binarized image by means of a gradient-based edge detector which uses a smoothing kernel operator to give the total value of the edge strength. Using the calculated drop profile, the software reproduces the three-dimensional shape of the drop to draw its axis of symmetry and calculate its volume. An inscribed circle is drawn within the drop profile by means of a least-square fitting of a portion of edge around the apex. The value of the surface tension is determined from the shape factor, as defined in the latest version of ADSA [17] , by calculating the projected drop surface area by means of a Riemann summation over all the pixels contained within the drop edge. Several experiments conducted for distilled water drops have shown that for sufficiently resolved drop images, the algorithm accurately reproduces the expected surface tension of water for drops larger than about 2-3 µl. The results compare quite well with recent accurate surface tension measurements for pendant micro-drops [10, 11] .
Theoretical background

Edge detection and edge smoothing
The drop is photographed using a CCD camera with a resolution of 232 × 304 pixels. The extraction of the contour after the digitization of the drop image is a key operation for the image processing application. Here we use an edge detection algorithm that is based on an automatic gradient threshold method in combination with precise sub-pixel routines [18] . This method falls into the category of the enhancement/thresholding methods [19, 20] , which apply differential or gradient-based operators to an image. Since an edge is defined as a sharp intensity change over a small area of an image, gradient-based methods measure the local difference in contrast in the horizontal and vertical directions and combine the results into gradient units. Areas of high contrast have a higher gradient value, while those of low contrast have a low gradient value. Therefore, the method consists of determining a threshold of the gradient values to separate edge pixels from non-edge pixels. This is done by first constructing a histogram of the gradient values and then fitting a statistical density function to both the edge pixel values and the non-edge pixel values. A weighted sum of two gamma density functions was employed for this purpose.
The contour of the drop is defined by the last pixel with a gray level higher than the threshold value. In general, surface tension values are affected by less than 1% if the contour of the drop is chosen based on the last black (above the threshold) instead of the first white (below the threshold) pixel [21] . The drop edge detected this way by the software is converted into a large number of closely spaced data points (or coordinates). Because of the finite resolution of the video frame grabber, outlying points may be encountered along the drop profile, which appear as random errors associated with the edge coordinates. These noisy signals are smoothed out by means of a local polynomial regression [22] . The smoothing is done piecewise (i.e., point by point replacement) along the whole profile of the drop. The routine starts by identifying N contiguous points and iterates the smoothing loop by operation on the first N points. A linear least square regression is used to determine the angle made by these points with the horizontal axis for the calculation of the smoothed coordinates. A typical drop profile consists of 500-1000 data points and on the average the routine takes from 4 to 5 seconds on these calculations.
Shape factor
Once the edge detection operation is performed, the software calculates a shape factor. The shape factor provides a mean to quantify the difference in shape between an experimental pendant drop, deformed by the effects of gravity, and a perfect sphere inscribed within it. In the latest generation of ADSA [17] , Fig. 1 . Photograph of a pendant drop of volume V ≈ 7 µl of pure distilled water (left) and its smoothened digitized profile after the image analysis process (right). The drop image resolution is 232 × 304 pixels. On the left, the shape factor refers to the hatched area between the drop profile and the inscribed circle of radius R0. The centre of mass of the drop and the geometrical centre of the superposed circle are also shown. a modified shape parameter was introduced as a quantitative criterion to determine the range of drop shapes for which ADSA succeeds or fails. This form of the shape factor, which we also employ here, is defined as
where the second term on the right-hand side is the ratio between the area of the inscribed circle of radius R 0 and the projected area of the experimental drop and r θ is a radial coordinate that varies with the polar angle θ and extends from the centre of the inscribed circle to the edge of the deformed drop. The photograph of a pendant drop of volume V ≈ 7 µl and its digitized profile are shown in Fig. 1 . The shape factor refers to the hatched area between the drop profile and the inscribed circle and is bounded between zero (for spherical drops) and one (for sufficiently elongated drops). Here the radius R 0 of the circle is calculated by superposing circles of different radii to the maximum number of points around the apex. The radius of the circle that superposes to the maximum number of points is taken as R 0 . This radius can also be taken as the radius of curvature, R c , of the drop at the apex.
Drop volume
A key feature of the method deals with the calculation of the drop volume. In order to do so the software performs a three-dimensional reconstruction of the drop from its digitized profile. This is done by allowing either the right or left contour of the drop profile to perform a complete revolution about an axis of symmetry, whose exact location is determined by the best obtainable overlapping between the right and left contours. In those cases where the drop is not perfectly axis-symmetric, the axis of symmetry is defined by the straight line that gives the smallest discrepancy between both contours after a complete revolution. For a range of experimental drops with different drop volumes between 0.2 and 8 µl, we find that the lack of perfect superposition of the left and right drop contours occurs over distances that are smaller than the resolution of the image, i.e., on a sub-pixel scale. The surface enclosed by the drop profile is next subdivided into two areas (or laminae), separated by the axis of symmetry (see Fig. 2 ), so that the drop volume can be accurately determined using the second centroid theorem of Pappus, which states that the volume V of the drop generated by a full revolution of a lamina about the axis of symmetry is equal to the product of the area A of the lamina and the distance d traveled by the lamina's geometric centroid r, i.e.,
where the coordinates of the geometric centroid (or centre of gravity), r = (x, y), are given by
with M being the mass of the lamina with surface density Σ(x, y). At the resolution scale, the drop image consists of a Cartesian array of square cells (or pixels), each having the same area and surface density. Therefore, taking the geometric centre (x i , y i ) of each pixel as a point of mass m i and considering that all pixels have the same mass, the double integrals in Eq. (4) simplify to
where n is the total number of pixels (or point masses) conforming the lamina. The area A in Eq. (3) is calculated by summing up the areas of all the pixels contained within the lamina. Similarly, the double integral in Eq. (2) for the projected surface area of the drop is determined by summing up the areas of all the pixels contained within the edge of the drop. This is equivalent to approximate the double integral by a Riemann summation with a leading error that is proportional to the size of a pixel. The higher is the resolution of the image, the smaller is the size of the pixels and the error carried by the numerical integration.
Surface tension
The drop shape methods involve the determination of the profile of a drop of one liquid suspended in another liquid at mechanical equilibrium. The detailed mechanics of curved tensile surfaces is described by the Young-Laplace equation [2, 3] , which shows that the pressure change across the surface is directly proportional to the surface tension and to the mean curvature of the surface:
where p denotes pressure and the quantity in brackets is twice the inverse of the mean radius of curvature.
One of the pre-requisites for these methods is the assumption of axis-symmetry of the pendant drop, implying that the measuring device must be set up in such a way as to ensure that the resulting drop that is being measured is approaching axis-symmetry. Equation (6) can be rearranged to derive the equation of Bashforth and Adams [3] that relates the drop profile to the surface tension through a non-linear differential equation. One important parameter appearing in this equation is known as the dimensionless shape parameter:
where R c is the radius of curvature at the drop apex. Consequently, the surface tension is determined by matching the experimentally measured drop profile to a theoretical drop contour calculated using the Bashforth and Adams equation [3] . In this procedure, photographs of the pendant drop are taken as a function of time for comparison. However, the visual comparison of drop profiles is very tedious, timeconsuming, and leads to surface tension measurements that are subject to large experimental error. To simplify the procedure, the following empirical relationship was proposed by Andreas et al. [4] :
where D e is the maximum equatorial diameter of the drop. Here H is a correction factor which is related to a shape parameter S of the pendant drop. In this method, S was originally defined as the ratio of the horizontal diameter located at a distance D e from the apex to the value of D e . While this method was subject to large errors, Roe et al. [6] improved the accuracy of surface tension measurements by involving a series of diameter ratios to evaluate S. Unfortunately, this last method still involves a finite set of measurements to define the entire shape of the drop, leading to imprecision in the comparison between the experimental profile and the theoretical drop contour. However, recent progress in image analysis and data acquisition systems has made it possible to obtain a direct digitization of the drop image with the aid of a video frame grabber of digital camera. Modern methods for surface tension measurements are therefore based on an analysis of the digital signals using different algorithms to determine the surface tension from the drop profile [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 22] . Almost all of these techniques rely on a comparison of the shapes using the experimental curves after smoothing and the theoretical contours obtained by solving the Bashforth and Adams equation.
Here we introduce a novel procedure where the surface tension of pendant drops is determined only from the image analysis with no need of a fit between the experimental profile and a numerically generated solution to the Bashforth and Adams equation. After extraction of the digitized drop contour, the surface tension is determined by direct application of Eq. (8) with the correction (or shape) factor being defined according to Eq. (2). The value of D e is calculated by summing up the sides of all horizontally arranged pixels corresponding to the maximum horizontal distance between the right and left edges of the drop. Since the outer diameter of the capillary tip is a known quantity, it is measured in pixels and then used to express D e in physical units. The software that implements this method showed satisfactory performance in the evaluation of the surface tension in experiments conducted with a large sample of distilled water drops suspended in air.
Description of the hardware and experimental setup
The apparatus
We use a typical pendant drop apparatus consisting of four parts: a drop dispenser, an illuminating system, a viewing system to visualize the drop, and a data acquisition system to run the image processing software and evaluate the surface tension from the pendant drop profile. A block diagram of the pendant drop apparatus is shown in Fig. 3 . As the drop delivery device, we employ an electronic micropipette which is held at the top of a collector cell by a rigid metallic tower which is, in turn, fixed to a vibrationproof table. The micropipette allows formation of stable drops automatically at a low injection rate to prevent drop vibration. On one side of the micropipette, we place a white light source to illuminate the pendant drop, consisting of a lamp with a 30 W compact fluorescent light bulb. Since white light is composed of a wide range of wavelengths, undesirable chromatic effects, such as rainbow and chromatic aberration, can cause blurring and loss of clearness of the edge of the drop. In order to reduce these effects, the light source is placed behind a band-pass filter that transmits in a narrow band of the visible while maintaining sufficient intensity for the illumination. The image acquisition is carried out using a PixeLINK TM PL-B741F monochrome CCD camera, which has a maximum resolution of 1280 × 1024 pixels and a maximum recording rate of 4400 fps at minimum resolution (24 × 24 pixels).
An apochromatic lens is used in conjunction with the CCD camera to minimize spherical aberration and allow us to open the aperture stop of the photographic lens fully. This camera is connected to a video frame grabber card with a resolution of 232 × 304 pixels. In order to avoid losses in the light intensity detection of each photocell of the CCD camera, it is operated with a similar resolution. The frame grabber board is mounted in a host computer where the image processing software is run, permitting to acquire, store, and analyze the drop images on-line. The software has been entirely developed in our laboratory and is based on the National Instruments LABVIEW TM programming environment on a Windows platform. Images of the drop are taken automatically at a certain frequency which depends on the time duration of the test. The whole process of digitization, smoothing, and analysis of the drop contours lasts a few tens of seconds.
The experiments
In order to test the reliability of the software, we have performed surface tension measurements of pure distilled water drops at a room temperature of 20 • C. Stainless-steel capillary tips of diameters 0.31, 0.45, 0.82, and 1.27 mm were employed to produce drops with volumes in the range between 0.2 and 8 µl.
Each experimental drop was recorded for 10 s at a resolution of 232 × 304 pixels and video acquisition rate of 30 fps, implying a total of 300 photographs per drop. The exposure time of the CCD camera was set to 2 ms.
The image processing software was run independently for each photograph, yielding a number of 300 runs for each experimental drop. The outcome of each of these runs consisted of a digitized drop profile, a drop volume, a shape factor, and a maximum drop equatorial diameter from which a surface tension value is calculated using Eq. (8) . The final volume and surface tension value of a drop are determined by averaging the corresponding results over all the 300 measurements. The resolution of the camera has an impact on the quality of the images acquired. Assuming that the other parameters of the system are perfect, the edge detection error due only to the resolution of the camera is expected to be about the size of a pixel. This error affects the surface tension measurements through the calculation of the shape factor and the maximum horizontal diameter of the drop. Thus, the lower the resolution (or the larger the size of the pixels), the larger the errors in the edge of the drop. Several experiments have been conducted with different image resolutions. A resolution of 232 × 304 pixels was found to be close to the threshold value above which accurate surface tension measurements can be obtained with the present experimental setup.
Results and discussion
To test the reliability of the software, we have performed surface tension measurements of pure distilled water for drops of various volumes between 0.2 and 8 µl at 20 • C. The results are compared with previously done measurements for water drops carried out by Lin et al. [10] and Yeow et al. [11] . In particular, Lin et al. [9, 10] studied the accuracy of surface tension measurements from experimental drop profiles using PDT. They found that the standard deviation of surface tension measurements decreases as the drop volume increases. For stable drops larger than about 7 µl, their method yielded accurate results close to the expected surface tension value of water σ = 72.14 mN m −1 at 25 • C. However, for drop volumes smaller than 6 µl, the surface tension values decreased with decreasing drop volume, up to 15-30% lower than the literature value. The failure of the method for smaller drop volumes was explained in terms of an imperfect matching between the experimental and theoretical profiles due to the increasing effects of the syringe body on the profiles of the smaller drops and to larger random errors in the digitized profiles for small volumes. On the other hand, more recent estimates of surface tension for water drops at 20 • C carried out by Yeow et al. [11] , using an alternative approach based on a Tikhonov regularization computation of the radius of curvature at the apex, have shown a similar dependence of the surface tension with the drop volume. For volumes higher than about 4.5 µl, their method converged to σ = 72.70 mN m −1 , which is close to the expected surface tension value of water σ = 72.88 mN m −1 at 20 • C. For volumes between 2 and 4.5 µl, their data scatter around a mean value of 72.5 mN m −1 and deteriorates for smaller drop volumes.
The results of our measurements for water drops formed with different tip sizes ranging from 0.31 to 1.27 mm (filled dots) are depicted in Fig. 4 , where the surface tension is plotted as a function of the drop volume. The surface tension values increase with increasing drop volume and level off at the literature value (σ = 72.88 mN m −1 for water at 20 • C) for drop volumes greater than about 3 µl for d tip 0.82 mm Fig. 4(a) -(c) and greater than about 2 µl for d tip = 1.27 mm Fig. 4(d) . For comparison the data obtained by Lin et al. [10] (filled squares) and Yeow et al. [11] (filled triangles) are also shown. The small scatters visible in our data at large volumes are symptomatic of small rounding errors in the digitized profile. However, a linear fit of these data gives σ = 72.72 mN m −1 for d tip = 0.31 mm, The surface tension relative error, ε rel , normalized to the true surface tension, σ true , is defined as
where σ is the measured surface tension value for each drop size. This error is drawn in Fig. 5 as a function of the shape factor H, as defined by Eq. (2), for all experimental drops and capillary tip sizes used. For large shape factors, i.e., for For values of H smaller than these, the relative errors grow rapidly with decreasing shape factors so that the accuracy of the method deteriorates. It is clear that the smaller the size of the holder, the smaller the critical shape factor, implying that smaller tip diameters provide larger ranges of drop shapes that are acceptable for surface tension measurements with the present method. Since H depends only on the geometry of the drop, it is expected that the critical shape factors and their patterns shown in Fig. 5 are more or less invariant from one liquid to another. For comparison, Hoorfar et al. [17] obtained with ADSA critical shape factors of ≈ 0.29 for different sizes of a pendant drop of cyclohexane formed at the end of a Teflon capillary with an outer diameter of 3 mm, and of ≈ 0.18 for similar drops formed at the end of a stainless-steel holder with the same diameter. This latter value is consistent with the H cr ≈ 0.18 obtained in our experiments for a stainless-steel tip of size 1.27 mm. They obtained a difference between the measured and true values of surface tension, ∆σ = σ − σ true , for cyclohexane drops less than ± 0.1 mJ m −2 , corresponding to a relative error ε rel 0.004. In the above experiments, we obtain ∆σ ≈ ±0.16 mN m −1 Fig. 5(a) , ≈ ±0.08 mN m −1 Fig. 5(b) , ≈ ±0.26 mN m −1 Fig. 5(c) , and ≈ ±0.29 mN m −1 Fig. 5(d) beyond the cut-off lines at which H = H cr for water drops, corresponding to relative errors less than 0.008 Fig. 5(a) , 0.015 Fig. 5(b) , 0.045 Fig. 5(c) , and 0.070 Fig. 5(d) , respectively. The dependence of the critical shape factor with the size of the holder is drawn in Fig. 6 . We see that the critical shape factor varies almost linearly with the size of the holder, implying that it is possible to use linear interpolation to infer the critical shape parameter for a given holder size. A linear trend, but with a different slope, was also predicted with ADSA by Hoorfar et al. [17] for pendant cyclohexane drops using much larger sizes of the holder. In addition to the size of the holder, its material could also affect the critical shape parameter. Therefore, it would be necessary to perform further cycles of pendant drop experiments with tips of different materials in order to establish the dependence of the shape factor on the material of the holder with the present method.
Conclusions
In this paper we have presented a novel method entirely based on an image analysis procedure to measure the surface tension of pendant liquid drops suspended in air. In contrast to other techniques in the literature [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 22] , the method does not require a solution of the Laplace-Young equation for the calculation of the theoretical drop profile. Specifically it is not necessary to determine the radius of curvature at the apex from the drop profile, and apart from gravity and the density difference between the drop liquid and the ambient fluid, the only input information which is needed to determine the surface tension consists of the maximum drop equatorial radius and the drop shape factor. A typical pendant drop apparatus was presented and the algorithms used to implement the image processing software were described in detail. The whole process is quite simple and consists of four fundamental steps: a) recording and digitization of the pendant drop image; b) extraction of the experimental drop contour; c) smoothing of the extracted contour of the drop using polynomial regression and three-dimensional reconstruction of the drop; and d) calculation of the drop volume, maximum equatorial radius, and shape factor for calculation of the surface tension.
The method was tested to measure the surface tension of a large sample of pendant water drops of small size between 0.2 and 8 µl, formed from capillary tips of various diameters. The accuracy of the surface tension measurements improves as the drop volume is increased. Convergence of the surface tension values to the true value is obtained for drop volumes 3 µl for tip diameters 0.82 mm and for drop volumes 2 µl for a tip diameter of 1.27 mm. For each drop configuration, a critical shape factor was defined as the minimum drop deformation that guarantees errors less than 0.08−0.29 mN m −1 depending on the size of the holder. The results imply that the smaller is the size of the holder, the larger is the range of drop shapes that are acceptable for surface tension measurements. Direct comparison of the results with surface tension measurements carried out with ADSA [17] and variants of PDT [10, 11] have demonstrated the reliability of the method to handle tensiometry data. The method is sensitive to the image resolution. Similar tests with higher resolution images have produced errors less than 0.05−0.1 mN m −1 for similar drop configurations, thus greatly improving the quality of the surface tension measurements.
